In this study, calcium-doped silica was prepared by modifying sodium silicate-based silica gel in an aqueous solution of Ca(OH)2. Silica gels with less than 1 mm in size with different pH values were treated in Ca(OH)2 solution at concentrations ranging from 2 to 20 g/L and aged at 25, 60, and 90°C for 40 min. The BET surface area of the silica gel decreased while its pore size increased considerably after modification in Ca(OH)2 solution. The pH of 5% calcium-doped silica in water ranged from about 8.5 to 10, depending on the pH of silica gel, the aging temperature, and the concentration of the Ca(OH)2. When the concentration of the Ca(OH)2 solution was 20%, needle-like crystals of calcium silicate hydrate formed over the surface of silica gel.
Introduction
Silica gel is a porous material with high surface area, high pore volume, and large pore diameter. This material not only possesses durable and biocompatible properties, but also contains a large number of silanol groups (≡Si-OH) on its surface 1 . Through these silanol groups, the surface of silica gel can be easily modified with either organic functional groups or inorganic cations [2] [3] [4] . Calcium ions have been widely used to synthesize both calcium-doped silica and calcium silicate composites [5] [6] [7] [8] [9] . Calcium-doped silica (CS) was synthesized and its functionality as a catalyst, drug carrier, and anticorrosion pigment was investigated 5, [10] [11] [12] . In normal phase liquid chromatography, silica gel modified with calcium showed a considerable increase in its retention and selectivity 8 . Samart et al.
(2010) reported the use of calcium-supported mesoporous silica as an effective catalyst for transesterification of soybean oil with a conversion yield of 95% at a reaction temperature of 60°C for 8 h 10 . Since calcium silicate composite is a bioactive, biocompatible, and degradable material, it has emerged as a potential candidate for drug carrier and biomedical applications [13] [14] [15] . Products ranging from consumer items and equipment to construction materials are usually exposed to corrosive environments during use. Consequently, corrosion reduces both the functionality and the appearance of products; in serious cases, catastrophic failure may occur, with the potential for financial loss and even personal injury. Thus, protecting products from corrosion is extremely important. In order to protect products from environmental degradation, anticorrosive coating layers consisting of organic polymers and inorganic pigments are usually applied on their surface, particularly on the surface of steel substrates 16 . Chromate compounds are effective conventional pigments, which enhance the passivation of steel surfaces and can work over a wide RESOURCES PROCESSING pH range. However, chromate pigments are toxic materials that should be replaced by eco-friendly pigments with the same protective ability [17] [18] [19] . Various pigments such as CS and mixtures thereof, zinc phosphate, and iron oxide proved to be good choices due to their high anticorrosive and non-toxic properties [20] [21] [22] [23] . In a previous publication, the authors reported CS has a better anticorrosive performance than red iron oxide that closely approaches the durability of chromate pigments
12
. CS is usually prepared by modifying silica substrates with Ca 2+ ions in aqueous solution 3, 8, 24 . Ca
2+
ions can be attached to silica matrices by a reaction with silanol groups on the surface 3, 4 . Although the interaction between silica gel and Ca(OH) 2 has been studied, the effects of Ca(OH)2 concentration and reaction temperature on the porous structure of the resultant CS have not been well investigated. In this work, we prepared CS from sodium silicate-based silica gel and Ca(OH)2 in an aqueous solution and investigated the pH and porous structure of the resulting products.
Materials and Methods

Synthesis of calcium-doped silica gel
Silica gel was synthesized via a sol-gel method as described in our previous publication 25 using sodium silicate Na2O·3.4SiO2 (24%, Shinwoo Materials Co., Ltd.) as a silica precursor. Sodium silicate solution was mixed with a 40% H 2 SO 4 (Duksan Pure Chemicals Co., Ltd.) solution through a nozzle at 25°C (room temperature, RT) in order to generate silica hydrogel in excessively acidic conditions. This hydrogel was aged at RT for three days and then washed with tap water to remove excessive H 2 SO 4 and to control the pH of the silica gel. Three kinds of silica gel with a pH of 4, 6, or 7 were selected and denoted Gel4, Gel6, and Gel7, respectively.
The washed silica gels were smashed to sizes below 1 mm for modification with Ca(OH)2 (Chameleon Reagent). An aqueous solution of Ca(OH)2 (200 ml) at concentrations of 2, 5, 10, or 20% was placed in an 1 L beaker and 20 g of silica gel was added. This Ca(OH) 2 /silica suspension was aged for 40 min at 25, 60, or 90°C. The resulting Ca(OH)2/silica suspension was filtered and dried at 130°C for 5 h and then ground to produce CS powder. The CS samples synthesized from the selected silica gel at different temperatures and concentrations of Ca(OH) 2 , are presented in Tables 1 and 2 .
Characterizations
The CS powder was homogenously dispersed in deionized water to yield a slurry concentration of 5%, then the pH was measured using a pH/ISE meter (pH-250L). TEM images were taken using field electron scanning transmission electron microscopy (FE-STEM; JEOL 2000 FX model). The chemical composition of the CS was determined using an energy-dispersive X-ray (EDX) component attached to the FE-STEM instrument. The Brunauer-Emmett-Teller (BET) surface area and the porosity of the samples were studied using a nitrogen adsorption instrument (Micromeritics Tristar II). The samples were degassed at 250°C for 3 h before analysis. X-ray diffraction (XRD) was performed with an XRD-6000 (Shimazu) operating at 40 kV, 100 mA with Cu/Kα radiation (γ = 1.54059 Å). Thermal gravimetric and differential thermal analysis (TG-DTA) was conducted using a TG/DTA6100 (Seiko Exstar 6000) at a heating rate of 10°C/min in air at temperatures ranging from 25 to 1000°C.
Results
pH values of CS
The reactions used to synthesize CS are described in equations (1) and (2) 4,24 . According to those reactions, the pH values of CS mostly depend on excessive Ca(OH)2 concentration and unsaturated ≡Si-Ca-OH bonds. CS may become calcium silicate, which is near neutral pH due to its low solubility if the Ca(OH)2 molecules form full bonds with silica matrices in the reaction (2) . When the free Ca(OH)2 concentration is low, the pH will be dominated by unsaturated ≡Si-Ca-OH species as indicated in (3).
In this study, the pH of the 5% CS solutions varied as a function of the Ca(OH) 2 concentrations (Fig. 1a) . As the Ca(OH)2 concentrations increased from 2 g/L to 20 g/L, the pH increased from 8.5 to 10 at both aging temperatures, 25°C and 90°C. The pH of CS synthesized from 2 g/L Ca(OH)2 and aged at 25°C were almost the same as that aged at 90°C and the trend was similar for CS synthesized from 20 g/L Ca(OH)2 and aged at 25°C and 90°C. However, when the Ca(OH)2 concentrations were between 2-20 g/L, the pH of CS aged at 25°C were always higher than that aged at 90°C. The results are presented in Fig. 1a .
No evidence of excessive Ca(OH) 2 in samples was observed on XRD analyses even though the concentrations were increased up to 20 g/L and samples were aged at both 25 and 90°C (Fig. 2) . Since the concentration of free Ca(OH)2 was negligible, the pH of CS was mostly attributed to ≡Si-Ca-OH groups, which were located on the surface and in the pores of silica and ready to release OH − and Ca 2+ ions 26 . Therefore, the variations in pH, in fact, were related to the formation of ≡Si-O-Ca-O-Si≡ and ≡Si-O-Ca-OH species in the CS structure. When the Ca(OH)2 concentration was 2 g/L, the modification process was completed with reaction (2) irrespective of the aging temperature because the molar ratio of Ca(OH)2/ ≡Si-OH was small. The concentration of the ≡Si-O-Ca-OH species quickly came to equilibrium at both 25 and 90°C, which is why the pH values were the same for the samples aged at those temperatures.
When the Ca(OH)2 concentrations were between 2-20 g/L, the modification followed both reactions (1) and (2) . However, the condensation rate increased at an elevated temperature 24 , which led to a quick decrease in the concentration of ≡Si-O-Ca-OH species in the samples aged at 90°C. This is why the pH values of the samples aged at 90°C were lower than those of the samples aged at 25°C. At a Ca(OH) 2 concentration of 20 g/L, the reaction (1) was likely to reach the equilibrium point within the aging time (40 min) with a high concentration of ≡Si-O-Ca-OH species since there was a high ratio of Ca(OH)2/ ≡Si-OH. In addition, the concentration of free Ca
2+
ions in solution increased along with the rise in Ca(OH)2 26 and was not negligible at 20 g/L of Ca(OH) 2 . Therefore, the pH values recorded were about 10 for both samples aged at 25 and 90°C.
In order to examine the effects of both the aging temperature and the pH of silica gel on the pH of 5% CS solutions, the concentration of Ca(OH)2 was kept constant at 5 g/L while the CS was aged at 25, 60, and 90°C for 40 min. Variations in the pH of the 5% CS slurry as the aging temperature and the pH of silica gel changed are shown in Fig. 1b . It is obvious that the pH of the slurry increased as the pH of the silica gel decreased. The variations in the pH values with the aging temperature were the same as discussed above for gels 4 and 6; these variations were reduced as the temperature increased. However, when the pH of the silica gel was 7 the pH values of CS did not depend on the aging temperature.
The activity of ≡Si-OH groups varies with the pH of silica gel 1 . Accordingly, the activity of ≡Si-OH decreases at lower pH. At low pH, equation (4) moves to the left side, which reduces the activity of the ≡Si-OH groups. Therefore, the condensation described in equation (2) decreases and the pH of CS increases due to the higher concentration of the ≡Si-O-Ca-OH species. It was previously reported that the equilibrium of the reaction between ≡Si-OH and Ca(OH)2 can be attained in a short time even at low temperature 4 . Moreover, larger pore volume and more defined pore size in Gel7 were favorable for the transportation and reaction of Ca(OH)2. Thus, the equilibrium of the modification reaction of Gel7 was likely established within 40 min of aging at temperatures from 25 to 90°C. This explains why the pH values of CS synthesized from Gel7 remained constant, while the aging temperatures were elevated.
≡Si-OH ↔ ≡Si-O
− + H +(4)
Formation of calcium silicate hydrates
Calcium ions can react with soluble silica formed under basic conditions and with silanol groups located on the silica gel surface to produce various calcium silicate species depending on the molar ratio of Ca 2+ ions to silica 6, 24 . Different species may yield different performance in applications due to their properties. For anticorrosive applications, CS synthesis aims to form the ≡Si-OCa-OH species, which is capable of releasing Ca 2+ from the silica substrate 25, 27, 28 . The ≡Si-O-Ca-OSi≡ species, which has low solubility, high durability, and biocompatible and degradable properties, is suitable for use as a bioactive carrier 29 . X-ray diffraction studies provided good evidence of the formation of calcium silicate hydrate (xCaO·SiO2·nH2O). Fig. 2 shows XRD patterns of CS synthesized from Gel6 with different Ca(OH) 2 concentrations at 25 and 90°C. It is apparent in this figure that the intensity of the diffraction peak at 29.7° increased with increasing Ca(OH) 2 concentration at both 25 and 90°C, suggesting the existence of the calcium silicate hydrate phase in the samples. Since this peak is similar to that corresponding to the diffraction of CaCO3, additional confirmation was obtained by acquiring XRD diffraction patterns of CS6-04 and CS6-08 calcined at 800°C for 3 h. The calcinations of those samples resulted in the shift of the peak to 30°C. This result indicates the presence of CaO·SiO 2 ·nH 2 O, which was transformed to wollastonite at 800°C
30 . The formation of Si-O-Ca bonds was investigated by FT-IR spectroscopy. Fig. 3 shows FT-IR spectra of CS6-06, CS6-07, and CS6-08 dried at 180°C and calcined at 800°C, respectively. The bands at 1630, 1100 and 800 cm −1 found in all samples belong to characteristic vibrations of silica substrate. The bands located at 1630 cm −1 is assigned to vibration of bonding H 2 O molecules. The bands found at 1100 and 800 cm −1 correspond to Si-O-Si stretching and Si-O-Si bending vibration, respectively. The CS samples dried at 180°C have a broad band at 1450 cm −1 attributing to the vibration of CO 2− 3 groups and its intensity increases with the increase of Ca(OH)2 concentration (Fig. 3a) . This result indicates that CaCO 3 have been formed during the modification. As samples were calcined at 800°C, the band at about 1450 cm −1 disappeared due to the decomposition of CaCO3. However, a new bands at about 900 cm −1 is observed in the sample treated with 20% Ca(OH) 2 (Fig. 3b) . This band is corresponding to Si-O-Ca bonds in wollastonite 6, 7 . This result suggests that the Si-O-Ca bonds have been formed by the modification of silica gel with the Ca(OH) 2 solution. DTA-TG measurements were performed on CS6-04 and CS6-08. A representative DTA-TG diagram is shown in Fig. 4 because they are the same for these two samples. In this figure, only one broad endothermic peak was recorded at 350°C, corresponding to the dehydration of the calcium silicate hydrate and absorbed water in silica pores. This result suggests that the concentration of Ca(OH)2 and CaCO3 in the prepared samples is negligible. The presence of calcium silicate hydrate was also clearly observed in the TEM images shown in Fig. 5 . The condensed structure of the silica gel was loosened and the sizes of the silica primary particles increased after aging with the 5% Ca(OH) 2 solution. In particular, when the Ca(OH)2 concentration was increased to 20 g/L, needle-like crystals over the surface of silica gel were observed. The needle-like crystals are assumed to be calcium silicate hydrate as mentioned in previous reports 31 . EDS spectra of selected areas of CS synthesized from 5 to 20% Ca(OH)2 solutions were also acquired (Figs. 5d and e) . Calcium was detected in both samples, with and without needle-like crystals over the surface of the silica gel. This finding suggests that calcium ions were successfully doped in the silica gel via the aqueous method. The calcium silicate hydrate was formed over the surface of the silica gel as the Ca(OH) 2 concentration increased to 20%.
Variations in BET surface area and CS porosity
The BET surface area and porous properties are extremely important in the use of silica and its compounds as fillers or carriers. The BET surface area and porosity of the silica gel and CS samples were investigated in this study using the nitrogen adsorption-desorption method. Isotherms and pore size distributions of the silica gel and CS prepared from Gel4, Gel6, and Gel7 at different temperatures are presented in Fig. 6 while the average values of BET surface area, pore volume, and pore size are reported in Table 1 . It is evident from Fig. 6 that the isotherms of silica gel are distinctively different from those of the CS samples. The isotherm loop of Gel4 suggests that silica gel had a low porous structure at pH 4. The pore size distribution of this sample was quite narrow as shown in Fig. 6a (inset) . The average pore diameter and pore volume given in Table 1 are 2.9 nm and 0.31 cm 3 /g, respectively. The isotherm loops and amounts of absorbed nitrogen for Gel6 and Gel7 were greater than those of Gel4. These results imply that the washing process resulted in an increased pore size and pore volume in the silica gel. The hysteresis loops and pore size distributions were nearly the same for Gel6 and Gel7 due to the similarity of their porous structures. In fact, those silica samples had the same average pore size (Table 1 ). In addition, their hysteresis loops had desorption branches steeper than the adsorption branches, corresponding to the H2 type of IUPAC classification. This suggests that the silica gel has a condensed structure with narrow and lessdefined pore channels 32 . The result is consistent with the TEM observations presented in Fig. 5 a in which Gel6 exhibits a condensed structure with indistinguishable pores. In addition to the increase in porosity, the BET surface area of the silica gel gradually reduces with the washing time increased. This phenomenon is due to the Ostwald ripening effect, which caused the dissolution of small silica particles, while the large particles became larger 33 . In general, the amount of absorbed nitrogen was markedly higher for all CS samples compared to that of the silica gel (Fig. 6 ). This indicated that the porosity of the silica gel increased after doping with calcium ions, and is consistent with evidence in Fig. 6 (insets) that the pore size distributions in all CS samples broadened and shifted to a predominance of larger pores. Specifically, the average pore volume and pore size increased considerably, however the BET surface area declined as the aging temperature increased (Table 1) . While the reduction in BET surface area is mostly regulated by the Ostwald ripening effect as mentioned above, the increase in pore size is dominated by the curvature characteristic of the pore channels. A convex surface with high chemical potential tends to dissolve whereas a concave surface possessing low chemical potential tends to be enlarged 33 . In addition, changes in the porous structure are also accelerated by aging at high temperature and pH because such aging conditions cause an increase in the solubility of silica gel 34, 35 . The effects of Ca(OH) 2 concentrations and aging temperatures on the porous structure of CS were also investigated. Table 2 lists the average BET surface area, pore volume, and pore size of CS synthesized from Gel6 with Ca(OH)2 concentrations ranging from 2% to 20% aged at 25 and 90°C. The obtained data indicates that the BET surface area of the CS declined. Conversely, the pore size increased with the rise in Ca(OH)2 concentration. These results prove that the Ca(OH) 2 content has considerable influence on the transfor- mation of the porous structure of the silica gel. The transformation is even more significant at elevated aging temperature. Specifically, in 20% Ca(OH) 2 solution, the BET surface area and pore size are 275 m 2 /g and 11.8 nm at 25°C; however, at 90°C they are 234 m 2 /g and 14.1 nm, respectively ( Table 2) . As discussed, the solubility of silica gel increased at the higher aging temperature. Moreover, the higher concentration of Ca(OH)2 caused a rise in solution pH, leading to enhancement of silanol group activity. Consequently, the Ostwald ripening effect was enhanced and the transformation of the porous structure of CS intensified.
Conclusion
CS was synthesized by modifying sodium silicate-based silica gel with Ca(OH)2 in an aqueous solution. The pH values of 5% CS in water varied from about 8.5 to 10 depending on the Ca(OH)2 concentration and the pH of the silica gel. As the Ca(OH) 2 content increased, the calcium silicate hydrate crystals formed over the surface of silica gel. The aging temperature and the concentration of Ca(OH) 2 markedly enhanced the transformation of the porous structure of CS; the pore size of silica gel increased from about 3 to 12 nm after aging 40 min in 5% Ca(OH) 2 solution at 90°C, and the pore size increased up to 14.1 nm when the silica gel was treated in 20% Ca(OH)2 solution at 90°C.
In conclusion, this study has proposed a facile route to synthesize CS in an aqueous solution that may be suitable for large-scale production. The prepared CS can be used as anticorrosive filler in paint or as a bioactive carrier.
